Based on ASCA observations of the Local-Group spiral galaxy M 33, a report is made on the X-ray properties of luminous X-ray source called X-4, which is located in a giant H II region in M 33. The 0.8-8.0 keV spectrum of X-4 is described by a two-component model, consisting of a thin thermal plasma emission with a temperature of ∼ 1.0 keV, and a power law emission with a photon index of ∼ 2.0. The two spectral components cross over at ∼ 3.0 keV. These spectral properties are similar to those of a young supernova remnant (SNR), except that the 0.8-8.0 keV luminosity of M 33 X-4, ∼ 1.0 × 10 38 erg s −1 , is considerably higher than those of the SNRs in the Milky Way. There is also evidence of excess absorption, or an over-abundance of α-elements relative to iron. If this source is an SNR, the hard component is thought to be synchrotron radiation from high-energy particles, produced either by shock acceleration, like in SN 1006, or by a central neutron star, like in the Crab Nebula.
Introduction
Located at a distance of 795 kpc (van den Bergh 1991), M 33 is classified as an Sc galaxy, and is an important member of the Local Group. Its bulge is insignificant, while it exhibits prominent spiral arms with various features of young population. The supernova rate of M 33 is relatively high (Berkhuijsen 1984) , and many supernova remnants (SNRs) have actually been detected in the radio and optical frequencies (Long et al. 1990; Duric et al. 1993; Gordon et al. 1998 Gordon et al. , 1999 .
In M 33, about fifteen X-ray point sources were first discovered using the Einstein Observatory Imaging Proportional Counter (Trinchieri et al. 1988 ). This number was later increased to ∼ 50 by the ROSAT High Resolution Imager (HRI) (Long et al. 1996) . The brightest source, called X-8 and coincident in position with the optical nucleus, is thought to be a black hole binary (Takano et al. 1994; Makishima et al. 2000) , showing a probable 106 d period (Dubus et al. 1997) . Dubus et al. (1999) reported a possible 3.45 d eclipse period and a 0.31 s pulse period in X-7, located close to the nucleus and thought to be a high mass X-ray binary. X-3 is positionally coincident with an SNR detected with radio observations (Gordon et al. 1993) . However, the nature of other X-ray sources in M 33 has remained unknown.
In this paper, we report on the ASCA spectra of X-4, one of the brightest X-ray sources in M 33. The spectra can be described by a combination of a soft thin-thermal emission and a hard non-thermal one. We hence suggest that it is a supernova remnant.
Observation and Data Reduction
M 33 was the target of two pointing observations with ASCA (Tanaka et al. 1994) was operated in the 4-CCD mode, while data of the Gas Imaging Spectrometer (GIS; Makishima et al. 1996; Ohashi et al. 1996) were taken in the standard pulse-height mode. We screened the GIS and SIS events by rejecting any data obtained near the South Atlantic Anomaly, or in low cut-off rigidity regions (< 6 GV), or at low elevation angles (< 5
• ). The obtained GIS image is presented in figure 1 . Thus, the nucleus of M 33 was placed near the center of the field of view (FOV) in both pointings. However, X-4, located about 15 northwest of the nucleus, was outside the SIS FOV in the second pointing.
In reference to figure 1, we extracted the GIS and SIS photons which fell within 4 of X-4. For the SIS, we used the bright-mode data taken in the first pointing. Because the M 33 field is crowded with many X-ray sources, we derived the background spectra from blank-sky data taken in the same observation mode. Below, we use the 0.8-8.0 keV energy range for the GIS and SIS data analysis. Figure 2 shows the GIS (GIS 2 + GIS 3) light curve of M 33 X-4, over the two ASCA pointings performed consecutively. We corrected the source counts for the telescope vignetting, to take into account the difference in the pointing direction. This procedure is thought to be accurate to within ∼ 5%. We fitted this light curve with a constant value, and obtained a reduced χ 2 of 19.5/20. The source intensity was thus constant within 4%. The 0. 
Spectral Analysis and Results
Because the source intensity was constant, we summed the GIS spectra of X-4 from the two pointings, and performed the following spectral analysis by using the summed data. As for the SIS, we used the data from the first pointing only, because X-4 was outside the SIS FOV in the 2nd pointing. Figure 3 shows the background-subtracted GIS and SIS spectra of X-4. We fitted them simultaneously with typical one component models, such as power law, thermal bremsstrahlung, or disk blackbody (Mitsuda et al. 1984) . We tentatively fixed the interstellar column density at the Galactic value of 0.6 × 10 21 cm −1 (Stark et al. 1992) , but the fits were unsatisfactory, except for the disk blackbody model. When the absorption is allowed to vary freely, all of the models become acceptable, as given in table 2. Therefore, we hereafter treat the column density as a free parameter.
Although the spectra have been thus described satisfactorily by several single-component models, we notice hints of atomic emission lines over the energy range from 0.8 keV to 2.7 keV, to be identified with neon K-lines (∼ 1.0 keV), magnesium K-lines (∼ 1.25 keV), and silicon K-lines (∼ 1.8 keV). We investigated this inference by using a statistical F -test. Namely, we first fitted the 0.8-2.7 keV portion of the spectra with a bremsstrahlung model. It yielded a temperature of kT ∼ 3.0 keV, a column density of ∼ 3.6 × 10 22 cm −2 , and a reduced χ 2 of 51/46. Next, we replaced the bremsstrahlung model with a Raymond-Smith model (hereafter R-S model; Raymond, Smith 1977) , and obtained kT ∼ 1.0 keV, an abundance of ∼ 0.4 with the solar values, N H ∼ 1.2 × 10 22 cm −2 , and a reduced χ 2 of 43/45. As a result, the R-S model is concluded to be a better representation of the data than the bremsstrahlung model at the 99.3% confidence level. In other words, the emission line features are statistically significant. We therefore employ the R-S model hereafter, even though the other single-component models are also statistically acceptable. Although the R-S model gives a successful account of the GIS/SIS spectra in the 0.8-2.7 keV range, the data significantly exceed the best-fit R-S model at higher energies. When the entire 0.8-8.0 keV range is used, the fit is unacceptable, even when allowing all the spectral parameters to vary, with the reduced χ 2 of 113/70 (figure 4). The hard X-ray excess remains even if we replace the R-S model with the MEKAL model (Mewe et al. 1985; Liedahl et al. 1995) , which is another code describing the thin thermal plasma emission. To account for the hard excess, we added another component to the fitting model, in terms of either a power-law or a bremsstrahlung model. This additional component was subjected to the same absorption as the R-S component. Then, acceptable fits have been recovered, with the reduced χ 2 of 69/69 (figure 5; left panel), by using either modeling of the hard excess. In short, the ASCA spectra of M 33 X-4 can be represented adequately by a two-component model, consisting of a soft component, described by an R-S model, and a hard component described by either the power law or bremsstrahlung model. At distance of 795 pc, the 0.8-8.0 keV luminosity of the soft R-S component is about 3.5 × 10 37 erg s −1 , while that of the hard component is about 5.3 × 10 37 erg s −1 . The fit we describe above requires an excess absorption with N H ∼ 1×10 22 cm −1 . While this could be a real effect caused by a local environment, an alternative possibility is that the plasma associated with X-4 has non-solar chemical compositions. In particular, when iron is deficient relative to α-elements (O, Ne, Mg, Si etc.), as is seen in type-II SNRs (e.g., Hughes et al. 1995) and starburst galaxies (e.g., Tsuru et al. 1997) , the Fe-L line complex which usually dominates the 0.7-1.3 keV spectral range would be significantly reduced. If such a spectrum is fitted with a solar-abundance emission model, we obtain an artificial excess absorption which suppresses the strong Fe-L lines predicted by the model to match the data. Accordingly, we repeated the two-component fitting, but this time by fixing the absorption to the Galactic value, while allowing the metal abundances to deviate from the solar values. To limit the number of free parameters, we constrained the major α-elements (O, Ne, Mg, Si, S, and Ar) to have a common, but free, abundance, while allowing the Fe and Ni abundances to take separate free value. The helium and carbon abundances were fixed at 1.0 solar.
We then obtained as good a fit as before, as given in table 2 and figure 5 (right panel); within the current data statistics, we cannot decide on the relative goodness between this fixed-N H fit and the above free-N H one. In this fit, the α-element abundance becomes > 1.1 solar, while that of iron < 0.15 solar; these values may be appropriate for a type-II SNR. The power-law photon index flattens, but still remains in a reasonable range within errors. Compared to the free-absorption fit, the 0.8-8.0 keV thermal-component luminosity somewhat decreases to 2.1 × 10 37 erg s −1 , whereas that of the hard component increases to 6.4 × 10 37 erg s −1 .
Discussion

The Nature of X-4
The source X-4 was clearly detected in an archival ROSAT HRI image, and its radial brightness profile is consistent with the point-spread function of the HRI. Therefore, the upper limit on the angular extent of this source is probably about 20 pc, considering the HRI spatial resolution of ∼ 5 and the distance of ∼ 800 kpc. In view of this small physical size and the high X-ray luminosity (∼ 10 38 erg s −1 ) of X-4, we immediately come across its interpretation in terms of a binary source. However, the spectra exhibit statistically significant evidence of the line emission in low energies. Therefore, the source of the soft X-rays from X-4 is likely to be a thin thermal plasma, and it is appropriate to regard this source as an SNR. In fact, its R-S temperature (∼ 1.0 keV) is very similar to those of typical SNRs. The hard-tail component is also observed from some, if not all, SNRs (subsection 4.3).
As described later, X-4 is located in a giant H II region, where the star-formation activity is considered very high. It Schlegel et al. (2000) , Vogler and Pietsch (1997) , and Hughes et al. (1998) , respectively. The result on M 101 is from Okada (in preparation).
would be of no surprise to find an SNR in this region. We assume, as a working hypothesis, that X-4 is an SNR. The possible over-abundance of α-elements relative to iron, suggested by our two-component fit with the Galactic absorption (table 2), suggests a type-II supernova origin. This is consistent with the location of X-4 in a region of active star formation. Gordon et al. (1998) report on an SNR which coincides in position with X-4. However, because it is 17 offset from X-4 in position, we need to put a reservation to this identification.
Comparison with Luminous Extra-Galactic SNRs
Although the spectra of X-4 are consistent with the SNR interpretation, its luminosity appears to be too high for an SNR. This urges us to compare the properties of X-4 with those of other extra-galactic luminous SNRs known in X-rays, including the most X-ray luminous one in NGC 6946 (Dunne et al. 2000) . Figure 6 shows their 0.8-2.0 keV luminosities versus their plasma temperatures, based on observations with ROSAT (Schlegel et al. 2000; Vogler, Pietsch 1997; Wang 1999) and ASCA (Hughes et al. 1998; Schlegel et al. 2000; Wang 1999 ). Thus, there are a fair number of SNRs with X-ray luminosity exceeding ∼ 10 37 ergs −1 , and their plasma temperatures are found in the range of 0.5-1.5 keV with which the measured X-4 temperature is consistent.
In table 3, we compare X-4 with these X-ray luminous extragalactic SNRs in terms of the observed and estimated parameters. A common feature of these SNRs is the dense interstellar surroundings (Blair, Fesen 1994) , and some of these SNRs, including X-4 itself, is in an H II region (e.g., NGC 4449; Blair et al. 1983 ). Consequently, X-4 shares a fair number of similarities with the luminous extra-galactic SNRs.
A recent result on MF 83 in M 101 (Lai et al. 2001 ) shows that it is probably a composite source. Therefore, M 33 X-4 can also be a composite source, and the hard component is emitted by an accreting binary rather than the SNR. However, the insignificant variability and thermal spectrum of X-4 indicate that the contribution from an accreting source, if any, is small, at least in the soft energy band. A firm answer will soon be obtained with Chandra.
The Hard Component
In terms of the SNR interpretation, the observed hard component of X-4 allows two alternative interpretations. One possibility is synchrotron radiation by relativistic particles, accelerated by the shock front, like in SN 1006 and Cas A (Allen et al. 1997 ). In such SNRs, the photon index of the synchrotron radiation is typically 1.9-3.1. The shape of the hard component of X-4 is consistent with those values within errors. The other possibility is emission from a synchrotron nebula created by an active pulsar, as exemplified by the Crab Nebula (e.g., Greiveldinger, Aschenbach 1999) . In either case, the present observation may provide the first detection of non-thermal X-ray emission from SNRs in galaxies outside the Local Group.
If this latter of the above two interpretations is the case, some fraction of the hard component may be characterized by periodical pulsations. Hence, we searched the GIS data for Blair, Fesen (1994) ; Schlegel et al. (2000) . ‡ Hughes et al. (1998) . § Blair et al. (1983); Vogler, Pietsch (1997) . Wang (1999) ; Lai et al. (2001) . Landsman et al. (1992) .
pulsations, but we did not detect any periodicity from 0.01 Hz to 2 Hz. If we assume sinusoidal pulses, the 99% upper limits on the pulse fraction (amplitude divided by mean) are typically 5%.
Sedov Estimation
Assuming that the SNR in X-4 is in the adiabatic expansion phase, we can estimate its parameters using the Sedov solutions, which relate radius R and shock temperature T s of an SNR as
Here, E 51 , n, and t 3 are the initial explosion energy in units of 10 51 erg, the number density of the ambient gas in units of cm −3 , and the age in units of 10 3 yr, respectively. Our observations give constraints as T s ∼ 1.0 keV and R 20 pc. Because of the very high luminosity, we assume the explosion energy in two ways, E 51 = 1 and E 51 = 10, the latter corresponding to a hypernova. We then obtain n 0.066 cm −3 and t 8300 yr for E 51 = 1. If we alternatively assume the hypernova origin, i.e., E 51 = 10, the results are n 0.66 cm −3 and t 8300yr. These estimates are reasonable compared with those of the other luminous SNRs (table 3), although we cannot determine which value of the explosion energy is more appropriate.
Radio and Optical Observations of the X-4 Environment
As given in table 4, X-4 is located in a giant H II region, IC 133, detected in the radio continuum and optical (Boulesteix et al. 1974; Viallefond et al. 1986; Landsman et al. 1992 ). There, the star formation is thought to be very active and it is probable that many SNRs are contained in this region.
By 21 cm radio observations, an H I hole surrounding X-4 was detected (Deul, den Hartog 1990) . The age of this hole is estimated to be 1 Myr, and is probably older than X-4. One possible scenario is that the star-formation activity in this region has been very high over the past ∼ 1 Myr, and that the giant H II region was produced by a succession of supernova explosions including X-4, itself. If so, the H I holes, which have been detected in many galaxies, may be the key when we search for similar objects.
In summary, our analysis of the ASCA data of M 33 X-4 suggests that it is a luminous SNR, exhibiting both thin-thermal emission and excess hard X-rays. Furthermore, its high luminosity makes X-4 a good candidate of a hypernova remnant. A firmer conclusion will be obtained by Chandra and/or XMMNewton.
